A technique to measure the decoherence time of optical phonons in a solid is presented. Phonons are excited with a pair of time-delayed 80 fs near infrared pulses via spontaneous transient Raman scattering. The spectral fringe visibility of the resulting Raman pulse pair, as a function of time delay, is used to measure the phonon dephasing time. The method avoids the need to use either narrow band or few femtosecond pulses and is useful for low phonon excitations. The dephasing time of phonons created in bulk diamond is measured to be = 6.8 ps ͑⌬ = 1.56 cm −1 ͒.
I. INTRODUCTION
Phonons are a fundamental excitation of solids that are responsible for numerous electric, thermal, and acoustic properties of matter. The lifetime of optical phonons plays an important role in determining these physical properties and has been the subject of extensive study. A technique to measure phonon dephasing times is presented here that utilizes spectral interference of ultrafast infrared laser pulses. Transient coherent ultrafast phonon spectroscopy ͑TCUPS͒ offers a number of conveniences for measuring phonon dephasing. TCUPS utilizes commercially available ultrafast pulses ͑80 fs͒ and hence does not require a narrow band or extremely short lasers to achieve high spectral or temporal resolution. As well, TCUPS is suitable for measurements in the single phonon excitation regime. The large sampling area and long sampling distance increase the generated Stokes power and avoid sample heating, which is a concern for lowtemperature studies. Diamonds are well known for their extraordinary physical properties 1 and also offer interesting prospects for use in quantum information applications. [2] [3] [4] [5] As such, diamond has been selected here as the material for demonstration of TCUPS.
Two methods have previously been utilized to measure phonon lifetimes: high-resolution Raman spectroscopy and differential reflectivity measurements. The first is the traditional technique, where the optical phonon lifetime is obtained from high-resolution linewidth measurements of the first-order Raman peak, usually conducted using narrowband excitation lasers and high-resolution spectrometers. 6 The alternative technique, working in the time domain, can directly show the temporal evolution of the surface vibrations of solids. 7 A femtosecond pump pulse is used to excite a phonon population. The reflectivity ͑or transmittivity͒ of a subsequent probe pulse displays a time dependence that follows the vibrational frequency and population of excited phonons. This method was used to study the phonon decay in various solids, 8 their symmetry modes, 9 and their interaction with charge carriers 10 and with other phonons. 11 In these experiments, impulsive stimulated Raman scattering has been established as the coherent phonon generation mechanism. 12, 13 The time-domain experiments utilize the impulsive regime, i.e., laser-pulse lengths much shorter than the phonon oscillation period ͑inverse phonon frequency͒. This requirement can be challenging for the application of the differential reflectivity technique to materials with high phonon energies as laser systems with very short pulse lengths are required ͑e.g., for diamond, sub-10 fs pulses are required to resolve a phonon frequency of 40 THz͒. On the other hand, TCUPS operates in the transient spontaneous Raman-scattering regime, 14 i.e., pulse lengths much longer than the phonon oscillation period ͑about 25 fs for diamond͒, but still much shorter than the phonon decoherence time. 15 Stimulated Raman scattering, which implies large phonon excitations, is often employed in dephasing measurements in order to achieve good signal-to-noise ratios. High phonon population numbers, often referred to as hot phonons, can be subjected to an increased decay rate, as previously observed 16 for GaN. By contrast, TCUPS investigates the properties of a phonon excitation by direct analysis of the Stokes spectra generated in the Raman process. The use of single-photon detectors extends the sensitivity of the experiment to low phonon populations including the single phonon level.
II. EXPERIMENT
The diamond was classified as a type-Ib high-pressure high-temperature ͑HPHT͒ sample with a nitrogen impurity concentration of less than 100 ppm. The Stokes shift of diamond 17 is 1332 cm −1 and the Raman gain coefficient for
An oscillator pulse is split into two time-delayed pulses and focused through the diamond sample. Not shown, a bandpass filter cleans the oscillator pulse before the diamond and a long-pass filter rejects the pump and transmits the Stokes before the spectrometer. diamond has been reported 18 as g R = 7.4ϫ 10 −3 cm/ MW ͑corrected for = 800 nm͒. With pump pulse energies ranging over 1.1. . . 380 pJ, the collinear Stokes emission is calculated as 0.004-1.3 photons per pulse, in agreement with the count rates achieved experimentally. The pump laser had a diameter of d Ϸ 5 mm and was focused with a f =5 cm lens resulting in fluences ranging roughly from 0.01 to 5 J/ m 2 . The Raman scatter is thus in the spontaneous regime, as verified by a linear pump power dependence ranging over 3 orders of magnitude ͑see inset of Fig. 5͒ . Therefore, the experiment is performed at powers far below the hot phonon regime.
The experimental setup is depicted in Fig. 1 . Phonons are excited, via a Raman transition, with a pair of time-delayed 80 fs, 788 nm pulses ͑Fig. 2͒ from a commercial Ti:sapphire oscillator ͑Coherent Mira͒. The pulses are focused into a 2 ϫ 2 ϫ 1 mm diamond with faces polished along ͓100͔ plane ͑Sumitomo͒. Stokes emission is detected collinearly. The pump laser is spectrally filtered using a bandpass filter to avoid extraneous light at the Stokes frequency, which might seed stimulated emission and which decreases the signalto-noise ratio when detecting single Stokes photons. The Stokes scatter is detected and spectrally analyzed by means of a 30 cm spectrometer ͑Andor Shamrock 303i͒ and an electron multiplying charge coupled device ͑EM-CCD͒ ͑iXon DV887DCS-BV͒, which is capable of statistical single-photon counting. The gratings were ruled at 150 lines/mm for data in Figs The spectral interference from the pump pair and Stokes pair is shown in Fig. 3 . The fringe spacing ⌬ is as expected for two time-delayed coherent pulses ⌬ = 2 / c ͓see also Eq. ͑4͒ below͔. For the excitation pair, is the center wavelength of the pump ͓Fig. 3͑b͔͒ and for the generated output Raman pair, is the center wavelength of the Stokes ͓Fig. 3͑d͔͒. The fringe spacing of the Raman output corresponds to the Stokes peak wavelength, confirming that the process is a measure of the coherence of the Raman process. Figure 4͑a͒ shows the fringe visibility reduction as a function of time delay. The fringe visibility V = exp͑−⌫͉͉͒ is plotted in Fig.  4͑b͒ . The decay time ⌫ is discussed below. The visibility has been renormalized using the laser visibility for each delay to account for beam walk-off and the spectrometer resolution which artificially reduces visibility due to a sampling effect from the finite pixel size of the spectrometer CCD.
III. THEORY
The observed spectral interference visibility can be considered from two perspectives. In the first, the visibility decay arises due to fluctuations of the phase in the classical fields. Each input laser pulse excites optical phonons, via a Raman transition ͑Fig. 2͒, which in turn causes the emission of two Stokes pulses. That is, the Raman interaction maps the electric field of the two input pulses to two output Stokes shifted pulses
The phase of the first Stokes pulse E 1 is determined spontaneously, but the phase ͑and amplitude at stimulated intensities͒ of the second pulse E 2 is influenced by the coherence maintained by the phonon in the system following the first pulse, so that the output field may also be rewritten as
where is the time delay between the input pulses and is the spontaneously fluctuating phase difference between the pulses. The spectral intensity of the Stokes pulse pair
contains interference fringes whose position depends on the relative phase . Shot-to-shot, decoherence causes spontaneous fluctuations in and the fringe pattern loses visibility. At longer delays , the fluctuations increase, eventually reducing the visibility of any integrated fringe pattern to zero. Assuming a Lorentzian line shape with width ⌫ for the distribution of the phase , the shot-to-shot averaged spectral intensity is broadened to Example spectral interference for a delay = 0.39 ps. Spectra of the broadband excitation laser ͑left͒ and the Stokes signal of diamond ͑right͒. The single pulse data in ͑a͒ and ͑c͒ show the pump-laser spectrum and the corresponding broadband Raman spectrum, respectively. Spectral interference fringes appear for coherent pulse pairs in ͑b͒ and ͑d͒.
The phase fluctuations cause a reduction of the fringe visibility. Alternatively, the fluctuating phase perspective can be connected with the second quantum field perspective. This formalism can also be made applicable in the stimulated regime, although the process here is entirely in the spontaneous limit. The relationship between the stimulated and spontaneous cases is elaborated in the Appendix. The observed spectral intensity expectation value is proportional to the number of Stokes photons
where the lowering operator A͑͒ is a sum of the first A 1 and second A 2 pulse mode lowering operators
The final, correlated term ͓cf. the decay term in Eq. ͑4͔͒ measures the phonon coherence that remains in the system between pulses. During the evolution of the system, the starting time phonon mode B † ͑0͒ is "mixed" into the Stokes photon modes A i due to application of the laser field. The mixed-in term is then subsequently the source for spontaneous emission. The source term is the same for both pulses, but during the period between pulses the coherence is reduced due to crystal anharmonicity and impurities. That the source term is the same for both pulses indicates that the output Raman pulses will be phase coherent until overwhelmed by the fluctuations. For the correlation, the relevant terms to lowest perturbative order are ͑see Appendix for the equations of motion͒
from which the correlation term can be evaluated as
͑9͒
where N B ͑0͒ is the initial number of phonons, which in this case is the nearly zero thermal population. This result links the phonon decoherence rate ⌫ with the fluctuating phase perspective linewidth ⌫ from Eq. ͑4͒. Therefore, measuring the reduction of the fringe visibility is a direct measure of the phonon dephasing time.
From the quantum field perspective, TCUPS is a type of two-slit experiment. For pulse durations much shorter than the decay time, the Hamiltonian during a pulse interaction is approximately of the form
Therefore, the generated state from the first pulse ͑or slit͒ is equivalent to a two-mode squeezed vacuum state or a parametric down-conversion state. 19 As a result, the phonon mode and the photon mode are entangled. The fact that the phonon mode maintains its coherence for a time 1 / ⌫ permits the state prepared by the second pulse ͑or slit͒ to interfere with the first, creating a superposition. In the low intensity limit, only one Raman photon is created by a pump pulse pair. The inability to determine from which pump pulse the Raman photon was produced implies that there are two indistinguishable quantum paths ͑A 1 and A 2 ͒ which interfere at the detector to produce the observed fringes. However, as the time delay is increased, information about whether or not the Raman photon was created by the first pulse leaks into the surroundings via the phonon decoherence processes. This information can, in principle, be used to measure which-pulse ͑which-path͒ information and therefore destroys the interference fringes.
IV. DISCUSSION
The TCUPS measurement indicates a phonon dephasing time of 1 / ⌫ = 6.8Ϯ 0.9 ps or a linewidth of ⌬ = 1.56 cm −1 . The literature has reported a great deal of variation in linewidth measurements for diamond, 6, 18, 20 varying from at least 1.1 cm −1 to as high as 4.75 cm −1 . Here, the TCUPS ͓Fig. 4͑b͒, ⌬ = 1.56 cm −1 ͔ and conventional Raman spectrum ͓Fig. 4͑c͒, ⌬ = 1.95 cm −1 ͔ show comparatively good agreement. The lifetime measured here is slightly shorter than the decay rate calculated theoretically by Debernardi et al. 21 for an ideal crystal ͑⌬ = 1.01 cm −1 or 1 / ⌫ = 10.5 ps͒ as the decay process is enhanced by lattice imperfections, vacancies, and the high concentration of substitutional nitrogen atoms, as is typical for this sort of diamond. The decay model considering acoustic phonon modes suggests that this deviation from the theoretical optimum is due to inhomogeneous broadening rather than additional pure dephasing. Future work will reveal whether ultrapure diamond with very low crystal defect density can achieve a longer phonon lifetime. The creation of coherent phonons in diamond is heralded by the emitted Stokes photon, which could be employed for quantum optical experiments operating at room temperature, e.g., schemes that transfer optical entanglement to matter. 22, 23 The spectral interference pattern persists for low excitation levels, i.e., a phonon excitation probability per mode of p Ͻ 1. ͑The case of p ӷ 1 would correspond to a strongly stimulated regime, which has previously been studied in molecular hydrogen gas 24 although using spatial, not spectral, interference.͒ A constant visibility with excitation power can be seen at low excitation level ͑Fig. 5͒. TCUPS can therefore be employed to measure the decoherence properties of single optical phonons, overcoming the need for large phonon populations for lifetime measurements of phonon decoherence. The excitation probability per mode was much smaller than 1, ranging over p Ϸ 10 −7 -10 −5 due to the large number of phonon modes in the Brillouin zone for which Stokes scatter is detected ͑ϳ10 5 ͒. This level is in fact smaller than the thermal population level of the optical phonons at room temperature, given by
Ϸ 0.0017. However, a small thermal population of the optical phonon modes does not influence this measurement method, as only the phonons deliberately excited by the pump pulses lead to Stokes scatter, and only Stokes light and its interference are detected. As phonons are governed by bosonic statistics, any finite background excitation level does not inhibit a further excitation. The linewidth increase due to phononphonon interaction is negligible at ambient temperatures in diamond due to the low population level. 21 An increase in the Raman linewidth of diamond due to temperature has been reported 6 to begin at around T Ϸ 300 K. At T Ϸ 800 K, it is more than twice the zero temperature linewidth. At room temperature, the phonon decay is only marginally enhanced by an acoustical phonon population. This insensitivity to a thermal background is in contrast to the differential reflectivity method, where thermal phonons lead to additional noise as both thermal and coherent phonons lead to a change in the material reflectivity.
With equipment found in a typical ultrafast laboratory, TCUPS is a convenient approach to determining the quantum coherence properties of optical phonons in Raman active solids. The measurement technique relies solely on spontaneous Raman scattering and is therefore useful down to the single phonon level. In particular, TCUPS enables the measurement of the decoherence time of phonons, which is of paramount importance in many quantum information processing schemes. Spectral interference of the Stokes light from pump pulse pairs is used to measure the Raman linewidth of the material, while maintaining a coherent excitation due to ultrafast excitation. The phonon lifetime of diamond was measured as 6.8 ps. This lifetime corresponds to a phonon Q factor of Q = / ⌫ ϳ 270. Although the short lifetime of the excitation makes it unsuitable for long-distance quantum repeaters, such a high Q and the low thermal population at room temperature make it feasible for proof-ofprinciple demonstrations of typical quantum optics schemes, such as collective-excitation entanglement in the solid state.
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APPENDIX: PHONON-PHOTON EQUATIONS OF MOTION
Consider an incident pump laser that Raman scatters off a phonon field of the diamond to produce an output Stokes field. The equations of motion for Stokes field A͑t͒ and the phonon field B͑t͒ are linked by the pump coupling g via:
and
The dephasing rate ⌫ is due to crystal anharmonicity and impurities. The Langevin operator F has been added to maintain the normalization of B in the presence of decay, allowing the phonon to decohere, but keeping the operator norm ͑via the commutation relation ͓B , B † ͔ =1͒ constant. The formal solutions are
For brevity, the time argument has been dropped from the solutions. In the weak ͑g pump Ӷ 1͒ and transient ͑⌫ pump Ӷ 1͒ pump pulse limits, the incident laser leaves the phonon operator approximately in the vacuum state B͑0͒ and the phonon operator solution at lowest order is
The Stokes field to first order is then
where the coupling g in the second term has been taken as a constant step for the duration of the pump. The initial Stokes operator A͑0͒ annihilates the vacuum, but the solution for A mixes in a component of the phonon raising operator B † ͑0͒, which acts as a source for the spontaneous Raman scattering. While the source is in the weak spontaneous limit, the fact that a second pulse can scatter off the same mode B indicates that the subsequent interference is phase coherent until destroyed by the fluctuation.
It is worthwhile to contrast the spontaneous case, discussed above, with that of the stimulated case. To do this we first rewrite the initial phonon state B͑0͒ in terms of the fluctuations
noting that the initial state B͑0͒ is due to the integrated fluctuations of the vacuum since the start of time. The initial system is devoid of phonon population such that ͗B † ͑0͒B͑0͒͘ = 0, however, as will be shown below, it is responsible for the coherence of spontaneous emission. Assuming constant coupling g, the approximate Eq. ͑A6͒ for the Stokes field, can be replaced with the exact equation The first term corresponds to initially present Stokes light, which is assumed to be zero here. The second term, which is first order in g, corresponds to spontaneous emission. In the presence of weak coupling this is the only source of Stokes to first order and occurs even in the absence of any phonon population. The third and final term corresponds to stimulated emission. While the phonon operator B is not explicit in the third term, it is implicitly present through its coupling to A͑tЉ͒. TCUPS utilizes emission only from the second term despite the absence of any phonon population. The spontaneous Raman emission from two time-delayed pulses is correlated provided the initial vacuum fluctuations have not appreciably dephased. This is in contrast to interference between stimulated emissions. In the stimulated limit, the phonon state is populated and the emission of a pulse pair is coherent because the phase of the phonon population created by the first pulse is mapped onto that created by the second. The decoherence rate ⌫ represents the dephasing of the phonon raising operator B † . The phonon number N B = B † B therefore decays at a rate 2⌫. The corresponding spectral frequency linewidth is ⌬ = ⌫ / .
